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Abstract

Black soldier fly (Hermetia illucens L.) prepupae (BSFP) are a sustainable protein
source, but the use of full-fat prepupal protein powder in extrusion-based three-
dimensional food printing is limited by poor structure and flow control. This study
developed black soldier fly prepupal protein-based pastes and evaluated the effects
of tapioca starch concentration and thermal treatment on rheology, die swell, and
printing stability. Pastes were formulated at 80% moisture content using 0.5% gellan
gum, tapioca starch at 0%, 2.5%, or 5%, and corresponding BSFP powder contents
of 24.87%, 21.98%, and 19.09%, respectively. Thermal treatment significantly
strengthened the paste structure, increasing the initial storage modulus to 3,998.56,
6,248.78, and 8,891.23 Pa for 0%, 2.5%, and 5% starch, respectively. Steady shear
analysis showed shear-thinning behavior, while model-estimated yield stress after
heating increased from 363.577 to 636.062 Pa with starch addition. Large-amplitude
oscillatory shear and Chebyshev coefficient analysis showed that starch increased
nonlinear elastic resistance and strain stiffening. However, 5% starch caused the high
die swell ratio of 1.96 and edge roughness of 0.074 mm. The 2.5% starch formulation
showed the lowest edge roughness of 0.049 mm and thickness variation of 8.1%,
producing the most stable printed structure. Overall, moderate starch addition
improved printability by balancing flow, recovery, and shape retention.

Keywords: Black soldier fly prepupae powder; Small-amplitude oscillatory shear; Large-
amplitude oscillatory shear; Die swell; Three-dimensional printing; Image analysis
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1. Introduction

Black soldier fly prepupae (BSFP; Hermetia illucens L.)
have attracted interest as a sustainable protein source
because they can convert low-value organic side streams
into nutrient-rich biomass with rapid growth and short
production cycles.'? Their composition varies with feeding
substrate, developmental stage, and processing conditions,
but black soldier fly larvae and prepupae commonly
contain substantial protein and lipid fractions and provide
essential amino acids.'” These characteristics support their
potential use in protein-enriched and structured foods.
However, successful incorporation into such products
depends not only on nutritional composition but also
on hydration, flow behavior, deformation resistance, and
structural stability during processing.

Full-fat BSFP powder differs from purified protein
isolates or concentrates because it contains protein
together with lipid, carbohydrate, minerals, chitin-
containing fractions, and insoluble particles.>* This
heterogeneous composition can influence water binding,
particle interactions, lubrication, viscosity, and paste
cohesion. Such properties are particularly important in
direct ink writing, where a material must pass through a
narrow nozzle while maintaining sufficient strength after
deposition.® Therefore, the printing behavior of full-fat
BSFP powder cannot be assumed to be identical to that of
conventional purified protein inks.

Direct ink writing (three-dimensional [3D] printing)
is an extrusion-based additive manufacturing process in
which a viscoelastic material is deposited layer by layer
according to a predefined digital design.>® A suitable food
ink should flow continuously under the shear and pressure
generated inside the nozzle, but it should rapidly recover
enough structure after extrusion to prevent spreading,
deformation, and collapse. If the material is too fluid,
the deposited layers lose their intended geometry; if it is
excessively stiff or elastic, extrusion may become unstable,
and nozzle blockage, irregular deposition, or excessive die
swell may occur. Consequently, printability depends on a
balance among viscosity, yield behavior, shear thinning,
viscoelasticity, structural recovery, and dimensional
stability.””

Hydrocolloids and starches are widely used in 3D food
printing to improve these properties. Hydrocolloids such as
xanthan gum, guar gum, carrageenan, alginate, and gellan
gum (GG) have been used to modify food ink rheology and
improve printability.'®!! Starches can also increase paste
body, support gel formation, and improve the mechanical
stability of printed structures.’*** Their combined use may
help convert a weak particulate suspension into a printable
structured paste. However, excessive reinforcement may

also increase elastic recovery after nozzle exit, leading to
filament expansion, surface roughness, and dimensional
errors. The optimal formulation is therefore not necessarily
the formulation with the highest modulus or viscosity.

Thermal treatment is also important in BSFP-based
food systems. Heating can improve microbiological safety
while simultaneously modifying protein structure, starch
gelatinization, and hydrocolloid network formation.'*
Protein unfolding and aggregation may increase structural
strength, whereas starch swelling and gellan-chain
association may further reinforce the continuous phase.'®*
These transformations can improve post-deposition shape
retention, but they may also increase extrusion resistance
and elastic recoil. Understanding the combined effects of
formulation and thermal treatment is therefore necessary
for developing BSFP-based inks with controlled flow and
stable printing performance.

Rheological analysis is needed to understand these
formulations and processing effects. Small-amplitude
oscillatory shear (SAOS) is commonly used to characterize
linear viscoelastic behavior, including storage modulus,
loss modulus, and the linear viscoelastic region (LVR).%
These measurements describe the weakly deformed
structure. However, 3D printing exposes materials to large
deformation during nozzle flow, and linear measurements
alone may not fully represent their response during
extrusion.

Large-amplitude oscillatory shear (LAOS) analysis
provides additional information on nonlinear deformation,
structural breakdown, strain stiffening, strain softening,
and intra-cycle shear thinning.*® Chebyshev coefficients
can separate elastic and viscous nonlinear contributions
and help explain how a paste resists deformation inside the
nozzle and recovers after deposition.® These measurements
are particularly relevant when a formulation shows high
elasticity, because stored elastic energy can be released
after nozzle exit and produce die swell or dimensional
distortion.

Although many protein-based materials have been
investigated for 3D food printing, most studies have
focused on conventional or purified protein systems and
have evaluated printability mainly through viscosity,
linear viscoelasticity, and qualitative images. Limited
information is available on the behavior of full-fat insect-
derived powders as heterogeneous particulate matrices.
In particular, the relationships among BSFP powder
properties, thermal treatment, nonlinear rheology, die
swell, filament uniformity, dimensional fidelity, and post-
print stability remain unclear.

Recent work has also emphasized the need to replace
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subjective trial-and-error evaluation with quantitative and
data-driven approaches. Zhang et al.*' proposed an end-
to-end artificial intelligence framework for evaluating and
optimizing direct ink writing using material, processing,
and printing-quality data. Their study demonstrated that
reliable optimization requires objective descriptors of
both material behavior and printed geometry. Although
artificial intelligence-based optimization was beyond the
scope of the present work, the same principle supports
the use of quantitative rheological and printing-quality
measurements when evaluating new food inks. The novelty
of this study, therefore, lies in establishing an integrated
material-rheology-extrusion-printing relationship for
a multicomponent full-fat BSFP powder. Powder water
solubility and particle-size distribution were combined
with SAOS, steady shear, LAOS, Chebyshev analysis,
die-swell measurement, filament-uniformity analysis,
quantitative shape fidelity, and post-print structural
stability. This approach was used to determine whether
increasing starch-induced structural strength necessarily
improves printing performance and to identify the
formulation that best balances nozzle flow, elastic recovery,
dimensional accuracy, and shape retention.

Therefore, this study aimed to develop full-fat BSFP
powder-based pastes for direct ink writing and evaluate the
effects of tapioca starch (TS) concentration and thermal
treatment on their rheological and printing behavior. The
specific objectives were to: (i) characterize the composition,
hydration properties, water solubility, and particle-size
distribution of the BSFP powder; (ii) determine the effects
of starch addition and thermal treatment on linear, steady-
shear, and nonlinear viscoelastic properties; (iii) relate
nonlinear deformation and elastic recovery to die swell
and filament quality; and (iv) quantitatively evaluate the
dimensional fidelity and post-print structural stability of
the printed structures.

2. Materials and methods
2.1. Sample preparation

Black soldier fly prepupae reared on expired fruits and
vegetables were obtained according to the rearing protocol
described by Katemala et al.> Prepupae were harvested at the
prepupal stage (20-25 days old) from the Pilot Greenhouse
for Industrial Insect Research and Production, Industrial
Insect Division, Khon Kaen University, Thailand. The
harvested insects were cleaned to remove residual substrate
and stored at —18 °C for three days before transportation to
Suranaree University of Technology, Thailand, for further
processing. Frozen samples were thawed at 4 °C for 16-24
hours and subsequently blanched in boiling water (100
°C-105 °C) using a sample-to-water ratio of 1:10 (w/v) for

one minute to inactivate endogenous enzymes and reduce
microbial load. Immediately after blanching, the samples
were cooled in an ice-water bath, and excess surface water
was removed by blotting dry. The samples were then dried
using a tray dryer at 70 °C for six hours. Dried prepupae
were ground into a fine, full-fat BSFP powder using a
grinder (Philips Blender 3000 Series, Philips, China).

Modified TS (acetylated distarch phosphate; INS 1414),
obtained from Siam Quality Starch Co., Ltd. (Thailand),
was used as a structuring material to improve paste
consistency, elastic recovery, and shape stability during
printing. GG (mid-low acyl, manufactured by Xinjiang
Fufeng Biotechnologies Co., Ltd., China, and distributed
by T.C.S Pacific, Thailand) was used as a hydrocolloid
to improve water binding and support gel-like network
formation in the BSFP paste.

Preliminary rheological screening was first conducted
to identify suitable base levels of BSFP powder and GG.
Based on the screening results presented in Figure S1 and
Table S1, 7.5% BSFP powder and 0.5% GG were selected as
the initial screening conditions. For the final formulations,
GG was maintained at 0.5%, while TS was incorporated at
0, 2.5, and 5%. The amounts of BSFP powder and distilled
water were adjusted, as shown in Table 1, to maintain
approximately 80% total moisture to obtain a paste
suitable for extrusion-based 3D printing. After mixing, the
samples were homogenized for 16 hours to allow complete
hydration of the BSFP powder and uniform dispersion of
the dry ingredients.

Table 1. Nominal formulation of black soldier fly prepupae-
based pastes

Material composition

Items
BG-S0 BG-S2.5 BG-S5

Distilled water (mL) 74.63 75.02 75.41

Black soldier fly prepupae powder

) 24.87 21.98 19.09
Tapioca starch (g) 0 2.50 5.00
Gellan gum (g) 0.50 0.50 0.50
Total 100.0 100.0 100.0

Note: BG-S0, BG-S2.5, and BG-S5 represent the final formulations
containing 0%, 2.5%, and 5% tapioca starch, respectively. BG denotes the
BSFP-gellan gum formulation, while S indicates the tapioca starch level.
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2.2. Characterization of black soldier fly prepupae
powder

2.2.1. Proximate composition analysis

The proximate composition of BSFP samples was analyzed
according to the official methods of the Association of
Official Analytical Chemists.”? Moisture, crude protein, and
ash contents were determined following the Association of
Official Analytical Chemists methods 934.01, 976.05, and
942.05, respectively. Moisture content was measured by
oven drying at 105 °C until a constant weight was achieved.
Crude protein content was determined using the Kjeldahl
method with a nitrogen-to-protein conversion factor of
6.25. Total lipid content was analyzed using the method
of Folch et al.,” in which samples were homogenized in a
chloroform-methanol mixture (2:1 v/v), followed by phase
separation and recovery of the lipid-containing organic
phase. Ash content was determined by incineration in
a muffle furnace at 550 °C. Carbohydrate content was
calculated by difference using Equation 1:

Carbohydrate (%) =100 —[moisture(%)
+crude protein (%) (1)
+ lipid(%)+ ash(%)]

All values were expressed on a wet weight basis.

2.2.2. Water absorption or hydration behavior

Water-holding capacity (WHC) was determined following
the method of Mshayisa et al.** with slight modifications.
Briefly, 0.1 g of protein powder was mixed with 1 mL of
deionized water and vortex-mixed for one minute using
a Vortex-Genie 2 mixer (Scientific Industries Inc., United
States). The suspension was then centrifuged at 4,000 x g
for five minutes at 4 °C to separate unbound water. After
centrifugation, the supernatant was discarded, loosely
bound water was carefully removed, and the weight of
the hydrated sample was recorded. WHC was expressed
as the percentage increase in sample weight after water
absorption.

Oil-holding capacity was determined using the same
procedure, except that commercial soybean oil was
used instead of deionized water, and the mixture was
vortex-mixed for 2 min before centrifugation. Following
centrifugation, loosely bound oil was removed before
weighing. Oil-holding capacity was calculated using the
same equation used for WHC. All measurements were
conducted in triplicate. Absorption capacity (%) was
calculated using Equation 2:

Final weight — Initial weight o

Absorption (%) = Initial weight

100 )

2.2.3. Water solubility of black soldier fly prepupae
powder

The water solubility was determined using a centrifugation—
gravimetric method adapted from Mshayisa et al.** Briefly,
0.5 g of BSFP powder was dispersed in 25 mL of deionized
water to obtain a 2% (w/v) suspension. The suspension
was continuously stirred at room temperature for 60
minutes to allow hydration and extraction of the water-
soluble components. After mixing, the suspension was
centrifuged at 4,000 x g for 20 minutes at 4 °C to separate
the water-soluble fraction from the insoluble material. The
supernatant was carefully collected without disturbing
the sediment. A known volume of the supernatant was
transferred into a pre-weighed drying dish and dried in an
oven at 105 °C until a constant weight was obtained. The
mass of water-soluble solids in the complete supernatant
was calculated from the dry residue obtained from the
measured aliquot. Water solubility was calculated using
Equation 3:

xV

Water solubility (%) = % x100 (3)

aXmO

where m_ is the mass of dried soluble solids obtained
from the supernatant aliquot, V is the total volume of the
collected supernatant, V. is the volume of the supernatant
aliquot used for drying, and m, is the initial dry mass
of BSFP powder. All measurements were conducted
in triplicate, and the results were expressed as mean *
standard deviation.

2.2.4. Particle-size distribution of black soldier fly
prepupae powder

The particle-size distribution of the full-fat BSFP powder
was determined by dry mechanical sieving according to
the general principles of International Organization for
Standardization 2591-1, with slight modifications.”” The
test sieves were arranged in descending order of nominal
aperture size as follows: 1,400, 1,180, 1,000, 600, 425, 250,
and 150 pm. A receiving pan was placed below the 150 um
sieve to collect particles smaller than 150 um. Accordingly,
the powder was separated into eight particle-size fractions:
>1,400, 1,180-1,400, 1,000-<1,180, 600-<1,000, 425-
<600, 250-<425, 150-<250, and <150 um.

Before analysis, the BSFP powder was equilibrated to
room temperature in a sealed container. A representative
100 g portion of powder was weighed and placed on the
uppermost 1,400 um sieve. The sieve stack was covered
and mounted on a mechanical sieve shaker (CG-211-8,
Chunggye, South Korea). The sample was sieved for 10
minutes at a constant shaker setting. After sieving, the
material retained on each sieve and in the receiving pan
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was carefully collected and weighed using an analytical
balance. The percentage of powder retained in each
particle-size fraction was calculated using Equation 4:

R (%)=""

100 (4)

my

where R is the percentage of powder retained on sieve i, m,
is the mass of powder retained on that sieve, and m, is the
initial mass of powder subjected to sieving. A mass recovery
between 98% and 100% was considered acceptable. The
analysis was conducted in triplicate using independently
weighed powder portions, and the percentage retained
in each size fraction was expressed as mean +* standard
deviation.

Cumulative percentage passing was calculated from
the retained mass data and used to determine D , D, ,
and D, , representing the particle diameters below which
10%, 50%, and 90% of the powder mass were distributed,
respectively. Because these target percentages generally
occurred between two adjacent sieve apertures, the
corresponding particle diameters were estimated by
logarithmic interpolation. The distribution span was
calculated as (D, —D, )/D, to describe the breadth of the
particle-size distribution. Normal and Weibull probability-
density models were fitted to the experimental sieve
distribution. For the normal model, the mean particle
size and standard deviation were calculated from the
probability-weighted representative particle sizes. For the
Weibull model, the cumulative passing fraction, F(x), was
linearized as ln[—ln(l—F(x))J:k In(x)-kIn(1). The
shape parameter k was obtained from the slope of the linear
regression, while the scale parameter A was calculated from
the intercept as A =exp(—b/k), where b is the regression
intercept. The resulting Weibull parameters were k = 1.94
and A = 673.9 pm. Model performance was evaluated using
the sum of squared errors (SSE) and root mean squared
error (RMSE) between observed and predicted bin
probabilities, with lower values indicating a better fit.

2.3.Thermal treatment of black soldier fly
prepupae-based paste

Thermal treatment was conducted to evaluate the effect
of heating on the rheological and printing behavior of
the BSFP-based paste. The prepared paste was transferred
into conical tubes and heated in a water bath (WCB-11,
DAIHAN Scientific Co., Ltd., Republic of Korea) at 90 °C
for 30 minutes. After heating, the samples were cooled to
room temperature before rheological and printing analyses.
The untreated samples were analyzed without heating and
were used to evaluate the original paste behavior before
thermal processing.

2.4. Small amplitude oscillatory shear measurement
of black soldier fly prepupae-based paste

The rheological properties of the BSFP-based paste were
measured using a Discovery Hybrid Rheometer HR-3
(TA Instruments, United States). A 40 mm parallel plate
geometry with a Peltier temperature control system was
used. The gap between the upper plate and the Peltier
plate was maintained at 1.0 mm. The measurement
temperature was set at 25 °C to evaluate the paste under
room temperature printing conditions. The sample was
allowed to rest for five minutes before measurement to
reduce the effect of loading stress. A solvent trap was used
to minimize moisture loss during measurement.

Small-amplitude oscillatory shear tests were conducted
to evaluate the linear viscoelastic behavior of the BSFP-
based paste before and after thermal treatment. A strain
sweep was first performed from 0.01% to 100% strain at a
constant angular frequency of 1 rad/s. This test was used to
determine the LVR. The LVR was identified as the strain
range where the storage modulus (G’) and loss modulus
(G”) remained nearly constant with increasing strain.
A frequency sweep was then conducted from 0.1 to 100
rad/s at a fixed strain within the LVR. The G’ and G” were
recorded to compare the elastic and viscous characteristics
of the formulations.

Steady shear measurements were conducted to evaluate
flow behavior under extrusion-relevant deformation.
The shear rate was increased from 0.1/s to 100/s, and
the corresponding shear stress and apparent viscosity
were recorded. The Herschel-Bulkley model was used to
describe the flow behavior (Equation 5):*

T=1,+Ky" (5)

where 7 is the shear stress (Pa), 7, is the yield stress (Pa), K
is the consistency coefficient (Pa-s"), 7 is the shear rate (per
second), and 7 is the flow behavior index. The Herschel-
Bulkley parameters were used to compare yield behavior,
flow resistance, and shear-thinning characteristics among
the BSFP-based formulations. A value of (n < 1) indicates
shear-thinning behavior, which is important for extrusion-
based 3D printing because it allows the paste to flow more
easily under nozzle shear.

For the untreated BSFP-based paste, a temperature
sweep was also conducted to evaluate heat-induced
structural development. The sample was heated from 25 °C
to 100 °C at a heating rate of 5 °C/min. Changes in G’ and
G” during heating were recorded to determine how the
paste structure developed as the temperature increased.
This test was used to support the interpretation of structural
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changes that may occur during thermal processing.

2.5. Large amplitude oscillatory shear measurement
of black soldier fly prepupae-based paste

Large-amplitude oscillatory shear measurements were
conducted to evaluate the nonlinear deformation behavior
of the BSFP-based paste under large deformation. The
analysis was performed using a Discovery Hybrid
Rheometer HR-3 (TA Instruments, United States)
equipped with a 40 mm parallel plate geometry and a
Peltier temperature control system. The measurement gap
was maintained at 1.0 mm, and the test temperature was set
at 25 °C. LAOS tests were performed at a constant angular
frequency of 1 rad/s. The strain amplitude was increased
from 0.5% to 1,000% to evaluate the transition from small
deformation to large nonlinear deformation. The raw
stress, strain, and shear-rate waveforms were collected
from the rheometer software at each strain amplitude.
These raw data were used to construct Lissajous curves in
stress—strain and stress—shear rate coordinates. The curves
were used to compare deformation resistance, structural
breakdown, and nonlinear flow behavior among the BSFP-
based formulations.

The nonlinear viscoelastic response was analyzed from
the raw waveform data exported from the rheometer
software and processed in MATLAB R2025b (MathWorks,
United States) using a freely available LAOS data analysis
package, MITlaos software (MITlaos beta).”” The software
was used to obtain Fourier coeflicients, Chebyshev
coeflicients, elastic and viscous stress decomposition,
and nonlinear viscoelastic parameters. For each LAOS
condition defined by angular frequency (w) and strain
amplitude (y,), the sample was subjected to repeated
deformation cycles until a steady-state limit cycle was
reached.

The elastic Chebyshev coefficients were expressed as €
e,, €,, and higher odd harmonics. The viscous Chebyshev
coefficients were expressed as Vi Vi Vi, and higher odd
harmonics. The ratios e,/e, and v,/v, were used to describe
the nonlinear elasticand viscous contributions, respectively.
In the LVR, the contribution of higher harmonics is very
small, and e, and v, approach zero.”” A positive e,/e, value
indicates intra-cycle strain stiffening, while a negative e,/
e, value indicates strain softening. Similarly, a positive v,/
v, value indicates intra-cycle shear thickening, while a
negative v,/v, value indicates intra-cycle shear thinning.

The minimum-strain modulus and large-strain
modulus were calculated from the elastic Chebyshev
coeflicients using Equations 6 and 7:%

=% e —3e+5e,~Te, 4. (6)
dy|,.,

G, =2 ~ete teste +... (7)
77:1%

where G',, represents the minimum-strain modulus, and
G', is the large-strain modulus. These parameters describe
the elastic response of the paste within each oscillation
cycle.

The minimum-rate and large-rate dynamic viscosities
were calculated from the viscous Chebyshev coefficients
using Equations 8 and 9:%

U'Mzd—g, v, =3v, +5v, = Tv, +... (8)
dy|,.,
o

n', =— RV Vv +v, +L 9)
Y lp=ts,

where 7'y, is the minimum-rate dynamic viscosity, and 7',
is the large-rate dynamic viscosity. These values describe
the viscous response of the paste during each oscillation
cycle.

The strain stiffening ratio (S) and shear thickening ratio

(T) were calculated using Equations 10 and 11:*

G' -G', _4de;—4e;+8e +...
' ~
G', e+e +e +e +...

S =

(10)

I n'=n'y N 4v, —4v +8v, +...

(11)
n', A A

Positive S values indicate intra-cycle strain stiffening,
while negative S values indicate strain softening. Positive
T values indicate intra-cycle shear thickening, while
negative T values indicate intra-cycle shear thinning. These
nonlinear parameters were used to explain how formulation
affected structural breakdown, elastic recovery, and flow
behavior under the large deformation conditions relevant
to nozzle extrusion.”

2.6. Direct ink writing and quantitative printing-
quality evaluation of black soldier fly prepupae-
based pastes

2.6.1. Three-dimensional printing process and model
design

The extrusion and printing behavior of the BSFP-based
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paste was evaluated using an extrusion-based direct ink
writing printer (SHINNOVE-S2, Shinnove Co. Ltd,,
China). The prepared paste wasloaded into a printer syringe
and extruded through a 1.2 mm nozzle at a printing speed
of 1 mm/s under controlled room temperature conditions.
An open-ended cubic model with dimensions of 20 mm
x 20 mm x 20 mm and a nominal wall thickness of 2.4
mm was printed to evaluate continuous extrusion, filament
deposition, layer stacking, dimensional fidelity, and post-
printing structural stability (Figure la). The open-box
geometry was selected because its vertical walls and
unsupported internal space allowed changes in spreading,
wall deformation, layer collapse, and shape retention to be
clearly observed.

Images were captured under fixed camera position,
lighting, and background conditions at 5, 30, 60, 90, 120,
and 150 seconds during printing. An additional image
was captured 10 minutes after completion of printing to
evaluate post-deposition structural stability. The camera
distance and image resolution were kept constant for all
samples. A scale reference was included within the image
field for pixel-to-millimeter calibration.

To evaluate extrusion behavior independently of the
complete 3D structure, a straight filament with a target
length of 50 mm was printed using the same 1.2 mm nozzle
and printing conditions (Figure 1b). The straight filament
was used to determine die swell, edge roughness, and
thickness uniformity.

2.6.2. Image acquisition and die swell analysis

Images of the printed filaments were captured using a
digital camera (DSLR-500D, Canon Inc., Japan) under

fixed imaging conditions. The camera position (200 mm
away from the extrudate), lighting, and background were
kept constant during image acquisition to minimize
measurement variation. A black background was used
to improve contrast between the extruded paste and the
surrounding area. The image resolution and camera
distance were recorded for pixel-to-millimeter calibration.
The final calibration factor was 12.853 pixels/mm.

Image analysis was performed using MATLAB R2025b
(MathWorks, United States). The captured RGB images
were first converted to grayscale. The filament was then
separated from the background using image thresholding.
The segmented image was converted into a binary image,
and small isolated regions were removed before analysis.

The left and right filament boundaries were detected
along the printing direction (Figure 2). Local filament
width was calculated at each image row as the distance
between the two boundaries and converted from pixels to
millimeters using the calibration factor. The mean filament
width was used to calculate the die-swell ratio using
Equation 12:

w
Dieswell ratio = Wf (12)

D

where W._ is the mean printed filament width, and W _ is the
nozzle diameter.

Edge roughness was determined from the deviation
of the detected filament boundaries from fitted reference
lines. The absolute deviations of the left and right
boundaries were averaged and converted to millimeters.

Figure 1. Schematic representation of the models used for black soldier fly prepupae paste printing evaluation. (a) Open-ended cubic model and (b)

straight-line filament model for die swell analysis.
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A lower value indicated a smoother and more uniform
extruded filament.

2.6.3. Quantitative shape-fidelity analysis of the
open-box structures

The images of the open-box structures were quantitatively
analyzed using MATLAB R2025b. The printed structure
was segmented from the background, and its outer
boundaries were identified. The final printed height,
external width, and apparent wall thickness were
measured after completion of printing. Printed height was
determined as the vertical distance between the printing
surface and the highest point of the structure. External
width was measured between the outermost left and right
boundaries. Wall thickness was measured at several evenly
spaced positions along the vertical walls, and the mean
value was calculated.

Height fidelity was calculated by comparing the
measured printed height with the designed height using
Equation 13:

Height fidelity (9 i,
ght fi ezty(A))—H x100 (13)

D

where H_is the measured printed height, and H, is the
designed height of 20 mm.

Width accuracy was calculated using Equation 14:

W -Ww,
Width accuracy (%)= (1 - "WDJ x100 (14)
D

where W_is the measured external width of the printed
structure, and W is the designed width of 20 mm.

Wall-thickness accuracy was calculated using Equation
15:

‘TP _TD‘
Wall — thickness accuracy(%) = I—T %100 (15)

D

where Tp is the mean measured wall thickness, and T is
the designed wall thickness of 2.4 mm.

An overall dimensional fidelity index was calculated
as the average of the height, width, and wall-thickness
accuracy values (Equation 16):

Overall shapeﬁdelily(%) = (16)

Height fidelity + Width accuracy + Wall —thickness accuracy
3

Higher values indicated closer agreement between the
printed structure and the designed model.

The post-printing structural stability was evaluated by
comparing the dimensions of each open-box structure

Figure 2. Image-processing steps used for printed black soldier fly prepupae-based filaments. (a) Original RGB images, (b) grayscale conversion, and (c)

edge/boundary detection for filament thickness analysis.
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immediately after printing and 10 minutes after printing.
The height and external width of the structure were
measured from the calibrated images at both time points.

Height retention was calculated using Equation 17:

Height retenlion(%) = %xloo (17)

0

where H is the structure height immediately after printing,
and H, is the height measured 10 minutes after printing.
Post-print spreading was calculated using Equation 18:

Spreading (%) :WXIOO (18)

0

where W is the external width immediately after printing,
and W is the width measured 10 minutes after printing.

Structural deformation was calculated from the
combined changes in height and width (Equation 19):

HIO_HO + WIO_WO
H, W,

2

Structural deformation (%) = x100 (19)

A higher height-retention value and lower spreading
and deformation values indicated better post-printing
structural stability. Three independently printed structures
were evaluated for each formulation.

2.7.Scanning electron microscopy

The surface microstructures of the BSFP powder and
thermally treated BG-S0, BG-S2.5, and BG-S5 formulations
were examined using scanning electron microscopy (SEM).
The thermally treated BG-S0, BG-S2.5, and BG-S5 samples
were freeze-dried before SEM analysis, while the original
BSFP powder was examined in its dry powdered form.
The dried samples were fractured into small pieces and
mounted on aluminum specimen stubs using double-sided
conductive carbon tape. The mounted samples were coated
with a thin layer of gold using a sputter coater to minimize
surface charging. Micrographs were obtained using a
scanning electron microscope (Model SU8600, Hitachi
High-Tech Corporation, Japan) operated at an accelerating
voltage of 5.0 kV and a working distance of approximately
10 mm. Images were collected at magnifications of
300x to compare the overall structure, particle-matrix
organization, surface continuity, aggregation, pores, and
structural heterogeneity of the formulations.

2.8. Texture profile analysis of printed structures

The textural properties of the printed BG-S2.5, BG-S5,
and TS-only samples were evaluated using a texture

analyzer (Stable Micro Systems, United Kingdom).
Samples with identical printed dimensions were allowed
to rest at room temperature for 10 minutes and subjected
to a two-cycle compression test using a cylindrical probe
(diameter: 30 mm). Each sample was compressed to 50%
of its original height at a test speed of 1 mm/s, with a five-
second interval between compression cycles. Hardness,
adhesiveness, springiness, cohesiveness, gumminess,
chewiness, and resilience were obtained directly from the
instrument software. Five independently printed samples
were analyzed for each formulation, and the results were
expressed as mean * standard deviation.

2.9. Statistical analysis

All experiments were conducted using independently
prepared samples. Powder characterization and printing-
quality measurements were performed in triplicate,
while texture profile analysis was conducted using five
independently printed samples per formulation. Data
were expressed as mean * standard deviation. Statistical
analysis was performed using the Statistical Package
for Social Sciences software (version 19.0). Differences
among formulations were evaluated by one-way analysis
of variance followed by Duncan’s multiple range test.
Differences were considered statistically significant at p <
0.05.

3. Results and discussion

3.1. Proximate composition, functional properties,
and particle-size characteristics of full-fat black
soldier fly prepupae powder

The proximate composition, functional properties, and
particle-size characteristics of the full-fat BSFP powder are
presented in Table 2. The powder contained 28.49% protein
and 24.05% lipid, confirming that it was a protein-rich but
compositionally complex ingredient rather than a purified
protein concentrate. The relatively high lipid content
may influence lubrication, water-solid interactions, flow
resistance, and filament formation during extrusion.
The carbohydrate fraction may also include structural
components such as chitin, which can contribute to water
binding, particle interactions, and paste consistency.
Similar compositional complexity has been reported for
black soldier fly-derived flours and protein materials,
whose functional behavior depends strongly on the
proportions of protein, lipid, fiber, and other non-protein
components.?**

The BSFP powder showed a WHC of 135.33% and
an oil-holding capacity of 74.23%, indicating its ability
to retain both aqueous and lipid phases within the paste
matrix. Sufficient water retention is important for the
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hydration of BSFP particles, TS, and GG, whereas oil
retention and the naturally high lipid content may modify
interparticle lubrication and flow behavior. BSFP proteins
have also been reported to possess gel-forming potential,
although their network development is strongly affected by
processing conditions, protein aggregation, hydrophobic
interactions, and non-protein components.*

The water solubility of the powder was 20.11 + 1.29%,
showing that only a limited proportion of the dry matter
entered the aqueous phase, while most remained as
dispersed or sedimentable particles. This limited solubility
is consistent with the full-fat and minimally refined nature
of the material, which contains insoluble proteins, lipid-
associated particles, chitin, and other structural fractions.
The insoluble fraction may increase interparticle contact,
paste viscosity, and resistance during nozzle flow.

The particle-size distribution is shown in Figure 3.
The dominant fraction was 600-<1,000 pum, accounting
for approximately 42% of the powder, followed by the
425-<600 and 250-<425 pm fractions at approximately
20% and 18%, respectively. The calculated D , D, and D,
values were 220.38, 600.00, and 975.97 um, respectively,
with a distribution span of 1.26, confirming a broad and
heterogeneous particle-size distribution. Normal and
Weibull distributions were fitted to the sieve data, and
the predicted mass percentages within each sieve fraction
were compared with the observed values. The normal
distribution provided the closer fit, with an RMSE of
0.0170 and an SSE of 0.0023. In comparison, the Weibull
model showed an RMSE of 0.0634 and an SSE of 0.0322.
Although both models reproduced the major distribution
peak, the lower fitting errors of the normal model indicate
that it described the observed sieve-bin probabilities
more accurately. Finer particles may hydrate more rapidly
and improve matrix continuity, whereas larger particles
may increase interparticle friction, extrusion resistance,
filament roughness, and dimensional variation. Therefore,
the printing behavior of the formulations likely resulted
from the combined effects of dispersed BSFP particles
and the continuous starch-gellan network. Overall, the
composition, limited solubility, hydration capacity, and
broad particle-size distribution demonstrate the need for
additional structuring ingredients to improve cohesion,
flow control, and post-deposition stability for BSFP powder.

3.2. Rheological properties of black soldier fly prepupae-
based paste

3.2.1. Linear viscoelastic behavior of black soldier
fly prepupae-based paste before and after thermal
treatment

The linear viscoelastic properties of BSFP-based paste

before and after thermal treatment are shown in Figure 4.
Before thermal treatment, all BSFP-based pastes showed
elastic-dominant behavior within the low-strain region.
For the 0% starch sample, G’ remained higher than G” up to
approximately 2.91% strain, while the 2.5% and 5% starch
samples maintained G’>G” up to 6.93% and 8.89% strain,
respectively, indicating better resistance to deformation
with starch addition.

Table 2. Proximate composition, functional properties, water
solubility, and particle-size characteristics of full-fat black
soldier fly prepupae powder

Parameters Values
Proximate composition (%)
Moisture 21.38 £0.44
Protein 28.49 £ 1.16
Fat 24.05 £ 1.24
Ash 1.36 £ 0.02
Carbohydrate” 24.72
Functional properties
Water-holding capacity (%) 135.33 +3.37
Oil-holding capacity (%) 74.23 £5.37
Water solubility (%) 20.11 +1.29
Particle-size characteristics
D, (um) 220.38
D, (um) 600.00
D,, (um) 975.97
Span, (D,-D,)/D,, 1.26
Note: #Carbohydrate content was calculated by difference.
After thermal treatment, the modulus increased

significantly. Theinitial G’ valuesincreased to approximately
3,998.56 Pa for 0% starch, 6,248.78 Pa for 2.5% starch, and
8,891.23 Pa for 5% starch. This represents about a 90-100-
fold increase compared with the untreated samples. The
increase suggests that heating promoted the formation of
a stronger internal network through interactions among
the BSFP protein, TS, and GG. During heating, BSFP
proteins may unfold and expose reactive groups, allowing
for aggregation through hydrophobic interactions,
hydrogen bonding, and possible disulfide or other covalent
linkages, depending on the amino acid composition.®
At the same time, TS granules can swell and gelatinize,
releasing amylose and increasing hydrogen bonding with
water, proteins, and GG.*® GG can also contribute to
network formation through ordered chain association and
junction-zone formation, supported by hydrogen bonding
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Figure 3. Particle-size distribution of full-fat black soldier fly prepupae powder. Bars represent the mean mass percentage retained within each sieve
fraction, and error bars indicate the standard deviation of three independent measurements. Solid lines represent the retained mass percentages predicted

by the normal and Weibull distribution models.

and possible ionic interactions with minerals present in the
BSFP matrix.” Therefore, the thermally treated paste likely
formed a combined protein-starch-hydrocolloid network,
explaining the large increase in modulus and the improved
structural stability expected during 3D printing.

The frequency sweep also showed that G’ remained
higher than G” across 0.1-100 rad/s, confirming gel-like
behavior in all samples. After heating, the higher-starch
formulations showed stronger moduli, indicating greater
network reinforcement. This is relevant to 3D printing
because food inks with higher elastic modulus and suitable
yield behavior generally show better shape retention and
reduced post-deposition deformation. Overall, thermal
treatment converted the BSFP paste from a weakly
structured paste into a stronger gel-like material, while
starch level controlled the extent of reinforcement.

3.2.2. Steady shear flow behavior of black soldier
fly prepupae-based paste before and after thermal
treatment

The untreated BSFP-based pastes showed clear shear-
thinning behavior, as viscosity decreased with increasing

shear rate (Figure 5a). The viscosity increased with starch
level, from approximately 14 Pa-s for BG-S0 to about 40
Pa-s for BG-S5. This indicates that TS increased low-shear
flow resistance and paste consistency. The shear stress of
the untreated samples increased continuously with shear
rate (Figure 5b), reaching 4.92, 8.83, and 14.65 Pa for
BG-S0, BG-S2.5, and BG-S5 at 100/s, respectively. This
pattern suggests that the untreated samples behaved as
weakly structured dispersions, where the applied shear
mainly increased deformation resistance.

The Herschel-Bulkley parameters supported this trend
(Table 3). The model-estimated yield stress, To, increased
from 0.895 Pa for BG-SO0 to 1.240 Pa for BG-S2.5 and 2.618
Pa for BG-S5. The consistency coeflicient, K, also increased
from 0.370 to 1.011, confirming that starch increased
resistance to flow. The flow behavior index, n, remained
below 1 for all untreated samples, ranging from 0.518 to
0.540. This confirms shear-thinning behavior. The high R?
values of 0.9861-0.9917 and low RMSE values of 0.155-
0.416 show that the Herschel-Bulkley model described the
untreated samples well.
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Figure 4. Strain and frequency sweep behavior of black soldier fly prepupae-based pastes containing 0, 2.5, and 5% tapioca starch. (a, ¢) Before and (b, d)

after thermal treatment.

After thermal treatment, viscosity increased greatly,
especially at low shear rate (Figure 5c). At 0.1/s, viscosity
increased to 3,349.28, 4,399.74, and 6,041.51 Pa-s for
BG-S0, BG-S2.5, and BG-S5, respectively. This increase
indicates heat-induced structure formation. BSFP proteins
can form gel systems, and their functionality has been
linked to changes in surface hydrophobicity and network
development.”® During heating, protein unfolding can
expose hydrophobic groups and reactive sites. This can
promote hydrophobic association, hydrogen bonding,
and possible covalent cross-linking. Similar gelation
behavior has been reported for mealworm protein, where
hydrophobic interactions and hydrogen bonding were
important contributors to heat-induced gel formation.”

The model-estimated T, values of the thermally treated
samples were higher than those of the untreated samples.
They increased to 363.577, 466.823, and 636.062 Pa for
BG-S0, BG-S2.5, and BG-S5, respectively. This shows
that thermal treatment produced a stronger network
that required greater stress to initiate flow. The n values
decreased to 0.233-0.259, indicating stronger shear-
thinning behavior after heating. This is useful for 3D
printing because the paste can maintain structure at rest

but flow under nozzle shear. However, the fitted K values
for the thermally treated samples were negative. This
does not indicate an absolute negative consistency of the
paste. Instead, it shows that the thermally treated stress
data did not follow a simple monotonic Herschel-Bulkley
pattern. The heated samples showed stress reduction
and breakdown at higher shear rates, which violates the
normal assumption of the model. Therefore, the negative K
values should be treated as fitting artifacts and interpreted
cautiously. The lower R* values of 0.9004-0.9204 and
higher RMSE values also confirm that the model fit was
weaker for the thermally treated samples than for the
untreated samples.

The stress response of the thermally treated samples
differed clearly from the untreated samples. Stress slightly
decreased between 0.1/s and 0.2/s, remained relatively
stable until about 0.6/s, increased to a starch-dependent
peak around 2.5/s, and then declined at higher shear rates
(Figure 5d). This suggests that the heated samples had a
pre-formed gel network. Under shear, this network first
resisted deformation, then rearranged, reached maximum
resistance, and finally broke down. The higher peak stress
in BG-S5 indicates stronger reinforcement from starch
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gelatinization and GG network formation. GG can form a
network through double-helix formation and aggregation,
often promoted by cations.* Starch gelatinization can also
increase viscosity through granule swelling and amylose
leaching, which may strengthen interactions with proteins
and hydrocolloids.

This explains why the stress peak was observed only
after thermal treatment. Before heating, the paste behaved
mainly as a weak dispersion, so stress increased with shear
rate. After heating, the protein-starch—-GG matrix formed
a stronger gel-like network that could resist deformation
before structural breakdown. For 3D printing, this
behavior is important because the paste should resist
deformation after deposition but flow when sufficient
shear is applied through the nozzle. Similar rheology-
printability relationships were reported for complex food
inks containing insect flour and orange peel by-products,
where starch concentration and printing temperature
affected flow behavior, extrusion quality, and printed-
shape stability.® In another food-ink study, yield stress
was strongly related to printing force, while shear-thinning
behavior supported extrusion under pressure.*

3.2.3. Heat-induced structural development of black
soldier fly prepupae-based paste during temperature
sweep

The temperature sweep result showed that all BSFP-
based pastes had low moduli during the early heating
stage, followed by a rapid increase in G’ and G” above
approximately 65 °C-70 °C (Figure 6). This temperature
range indicates the onset of heat-induced structure
development in the paste. The increase was formulation-
dependent, with BG-S5 showing the highest modulus,
followed by BG-S2.5 and BG-S0. At the final heating stage,
G’ reached approximately 3,600 Pa for BG-S0, 5,200 Pa
for BG-S2.5, and 7,800 Pa for BG-S5, confirming that TS
increased the strength of the thermally formed network.

This behavior supports the results obtained after
water-bath treatment, where the heated samples showed
higher modulus, viscosity, and yield-related resistance.
The sharp increase in G’ during heating suggests that the
structural transition occurred mainly during the heating
process rather than only after cooling. This transition was
likely associated with combined protein denaturation,
starch swelling or gelatinization, and GG-assisted network

Figure 5. Steady shear behavior of black soldier fly prepupae-based pastes containing different tapioca starch levels before and after thermal treatment. (a)
Apparent viscosity and (b) shear stress of untreated samples; (c) apparent viscosity and (d) shear stress of thermally treated samples.
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Table 3. Herschel-Bulkley model parameters for black soldier fly prepupae-based pastes before and after thermal treatment

Sample code

Parameters Before thermal treatment After thermal treatment

BG-S0 BG-S2.5 BG-S5 BG-SO0 BG-S2.5 BG-S5
T, 0.895 1.240 2.618 363.577 466.823 636.062
K 0.370 0.714 1.011 -107.070 -117.332 -161.220
n 0.523 0.518 0.540 0.233 0.259 0.248
SSE 0.313 0.655 2.254 8,017.03 15,066.0 28,146.0
R? 0.9861 0.9917 0.9885 0.9204 0.9099 0.9004
RMSE 0.155 0.224 0.416 24.833 34.043 46.530

Note: BG-S0, BG-S2.5, and BG-S5 represent black soldier fly prepupae-based pastes containing 0, 2.5, and 5% tapioca starch, respectively. T, is the
model-estimated yield stress, K is the consistency coefficient, # is the flow behavior index, SSE is the sum of squared errors, and RMSE is the root mean

square error.

formation, as reported for insect protein gels, starch-based
food printing systems, and GG gels.!**0>3

Opverall, the temperature sweep confirmed that thermal
treatment changed the BSFP-based paste from a weakly
structured system into a stronger gel-like matrix. This
heat-induced strengthening is important for 3D printing
because it can improve post-extrusion shape retention.
However, the stronger response of BG-S5 also suggests that
excessive reinforcement may increase extrusion resistance
and die swell.

3.2.4. Nonlinear viscoelastic behavior of black soldier
fly prepupae-based paste under large deformation

The nonlinear viscoelastic behavior of the BSFP-based
pastes is shown in Figure 7. At low strain amplitudes of
0.5-10%, the Lissajous curves were narrow and nearly
elliptical, showing that the samples were close to the
LVR (Figure 7a and 7b). From about 50% strain, the
curves became wider, and clear nonlinear deformation
was observed between 100% and 1,000% strain. This
indicates progressive structural deformation under large
oscillatory strain. LAOS is useful for this interpretation
because Lissajous curves can reveal nonlinear responses
such as structural breakdown, strain stiffening, and shear
thinning, which are not fully described by small-amplitude
measurements.””?’

The stress response increased with TS concentration.
BG-S5 showed the largest loops, followed by BG-S2.5 and
BG-S0 (Figure 7a and 7b). At 1,000% strain, the stress range
increased from approximately +25 Pa in BG-S0 to about
1250 Pa in BG-§2.5 and nearly +780 Pa in BG-S5. This
confirms that TS increased resistance to large deformation.
The wider stress-strain loops of BG-S5 also suggest greater

energy dissipation and stronger nonlinear elastic resistance
(Figure 7b). This agrees with the SAOS and steady shear
results, where higher TS content increased modulus,
viscosity, and yield-related resistance.

The individual component analysis supports this
interpretation (Figure S2). BSFP-only sample showed
the weakest LAOS response, with stress mostly within
approximately +6 Pa, indicating limited resistance to large
deformation (Figure S2a and S2b). TS-only sample showed
a stronger response and reached about +2,000 Pa at high
strain, while the GG-only sample showed the highest stress
response, approaching +10,000 Pa. This shows that GG
was the main network-forming component, while TS acted
as a structural reinforcement. Although BSFP proteins
have techno-functional and gel-forming potential, their
behavior depends strongly on processing and formulation
conditions.***

The effect of moisture content on BSFP-only paste was
also considered to support the selected base condition
(Figure S3). The 75% moisture sample showed the highest
BSFP-only sample stress response, reaching about +45 Pa
at high strain. However, this lower-moisture condition may
reduce the available water needed for complete hydration
and uniform dispersion of GG and TS. As moisture
increased to 90%, the stress response decreased strongly,
and the 90% sample showed very weak loops, mostly below
£0.5 Pa. The 80% moisture sample gave an intermediate
response. Therefore, 80% moisture was selected because it
provided a practical balance between BSFP solid content,
hydration capacity, and structural response under large
deformation.

Overall, the LAOS results show that BSFP alone was
not sufficient to provide strong nonlinear resistance
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Figure 6. Temperature sweep behavior of black soldier fly prepupae-based pastes containing different tapioca starch levels

Figure 7. Large-amplitude oscillatory shear response of black soldier fly prepupae-based pastes containing different tapioca starch levels. (a) Stress—shear
rate Lissajous curves and (b) stress—strain Lissajous curves of BG-S0, BG-S2.5, and BG-S5 measured at strain amplitudes of 0.5%-1,000%.

after deformation. This supports the need to combine
BSFP with GG and TS for extrusion-based 3D printing.
BSFP provides the protein-rich base, GG contributes
strong network formation, and TS improves deformation
resistance and structural stability. Similar LAOS studies
on structured food systems have shown that nonlinear
deformation behavior is strongly affected by composition
and matrix structure.®® Increasing TS changed the paste
from a weak nonlinear material into a more deformation-
resistant matrix. However, the strong response of BG-S5
suggests that excessive reinforcement may increase elastic
recovery and die swell. Therefore, BG-52.5 may provide a

more balanced response between flow, deformation, and
structural recovery.

3.2.5. Chebyshev analysis of nonlinear elastic and
viscous responses

The Chebyshev coefficients provided a clearer interpretation
of the nonlinear behavior observed in the LAOS curves.
At low strain amplitudes, the e,/e, v,/v,, S, and T values
of the BSFP-based pastes were close to zero, confirming
that the samples were near the LVR (Figure 8). As strain
increased above approximately 50%-100%, the nonlinear
coefficients changed markedly, showing that the internal
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structure was being deformed under large oscillatory
strain. These parameters are useful because positive e /e,
and S indicate intra-cycle strain stiffening, while negative
v,/v, and T indicate intra-cycle shear thinning.”*’

The elastic nonlinear response increased with TS
concentration. In BG-S0, e,/e, remained low until high
strain and increased to about 0.45 at 1,000% strain (Figure
8a). In contrast, BG-S2.5 and BG-S5 increased more
strongly, reaching about 0.80 and 1.05, respectively. The
same trend was observed for S, where BG-S5 showed
the highest strain stiffening, followed by BG-S2.5 and
BG-SO0 (Figure 8c). This indicates that TS reinforced the
BSFP-based matrix and increased resistance during large
deformation. Similar LAOS behavior has been reported in
dough systems, where strain stiffening was linked to the
elastic network and shear thinning to rearrangement of the
dispersed starch phase.”

The viscous nonlinear response showed a different
pattern. BG-S0 had negative v,/v, and T values that became
more negative as strain increased, reaching about —0.25
and —0.90, respectively (Figure 8b and 8d). This indicates
strong intra-cycle shear thinning and structural breakdown.
BG-S2.5 and BG-S5 showed small positive viscous values
at intermediate strain, followed by negative values at higher
strain. This suggests that the starch-containing samples
first resisted deformation through temporary structure

formation, but later showed shear thinning as the network
was disrupted. Ewoldt et al.*” described negative v, and T
values as indicators of intra-cycle shear thinning, while
positive values indicate shear thickening.

The individual component results explain the origin
of these trends (Figure S4). GG-only sample showed the
strongest elastic nonlinearity, with e,/e, and S increasing
strongly at high strain, confirming its role as the main
network-forming component. TS-only sample remained
close to zero for most coeflicients, indicating limited
nonlinear structure when tested alone. BSFP-only
sample showed unstable viscous behavior, where v,/Iv,
and T first decreased strongly into the negative region
and then increased again at higher strain. This suggests
that the weak BSFP structure initially broke down under
deformation, after which the response became more
controlled by flow alignment and particle rearrangement.
BSFEP proteins have been reported to show functional and
gel-forming potential, but their behavior depends strongly
on processing and formulation conditions.*

The BSFP-only sample moisture series further supports
the selection of 80% moisture for the combined formulation
(Figure S5). The 75% sample showed the strongest elastic
response at high strain, while the 90% moisture sample
showed the weakest structural response and the largest
negative S and T values at intermediate strain. The 80%

Figure 8. Chebyshev coefficient analysis of black soldier fly prepupae-based pastes containing different tapioca starch levels under large-amplitude

oscillatory shear. (a) Elastic nonlinearity ratio, e,/e ; (b) viscous nonlinearity ratio, v,/v

;> (c) strain stiffening ratio, S; and (d) shear thickening ratio, T.
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sample showed a more balanced response, with moderate
elastic nonlinearity and less severe structural weakening
than the 85% and 90% samples. This suggests that 80%
moisture provided enough water for hydration and
dispersion of GG and TS while maintaining sufficient
BSFP structural contribution.

Overall, the Chebyshev analysis confirms that BSFP
alone cannot provide stable nonlinear resistance under
large deformation. GG supplied the main elastic network,
while TS increased strain stiffening and deformation
resistance. This combination is important for extrusion-
based 3D printing because the paste must shear-thin
during nozzle flow but recover enough structure after
deposition. The stronger response of BG-S5 may improve
shape retention but can also promote elastic recovery and
die swell, whereas BG-S2.5 provided a more balanced
nonlinear response for controlled printing.

3.3.Image-based analysis of die swell and filament
uniformity of three-dimensional-printed black
soldier fly prepupae extrudates

The die swell and filament uniformity of the BSFP-based
extrudates are shown in Figure 9. The mean die swell ratio
increased with TS concentration, from approximately 1.63
for BG-S0 to 1.69 for BG-S2.5 and 1.96 for BG-S5 (Figure
9¢). This shows that the printed filament diameter became
larger than the 1.2 mm nozzle diameter after extrusion.
Die swell is commonly associated with elastic recovery
after a viscoelastic material exits the nozzle, and the swell
ratio is often used as a geometric indicator of elastic recoil
at the nozzle tip.*

The higher die swell ratio in BG-S5 agrees with the
rheological results. BG-S5 had the highest modulus, yield-
related resistance, and LAOS stress response, indicating a
stronger and more elastic internal network. During nozzle
flow, this network is deformed and aligned. After exiting
the nozzle, part of the stored elastic energy is released,
causing radial expansion of the filament. This explains why
higher TS concentration produced greater die swell. Similar
relationships between food ink composition, rheology, and
extrusion behavior have been reported, where rheological
properties strongly affected filament spreading, extrusion
quality, and printed shape stability.**!

The edge roughness result showed that BG-S2.5 had the
lowest mean edge roughness, approximately 0.049 mm,
while BG-S0 and BG-S5 showed higher values of about
0.060 mm and 0.074 mm, respectively (Figure 9a). This
indicates that BG-S2.5 produced the smoothest filament
edge. BG-SO had lower die swell but weaker structural
support, which may have caused less uniform filament
boundaries. In contrast, BG-S5 had a stronger structure but

higher elastic recovery, leading to greater edge irregularity
after extrusion.

The thickness variation result followed the same trend.
BG-S2.5 had the lowest thickness coefficient of variation,
approximately 8.1%, while BG-SO and BG-S5 were
both above 10% (Figure 9b). This suggests that BG-S2.5
produced the most uniform filament thickness along
the printed length. In extrusion-based food printing, a
stable filament requires a balance between flowability and
shape retention. Materials that are too weak may spread
after deposition, while highly elastic materials may show
stronger die swell and dimensional variation.*

Overall, BG-S2.5 showed the best balance between die
swell, edge smoothness, and filament uniformity. BG-S5
had the highest die swell and roughness due to stronger
elasticrecovery, while BG-S0 had weaker structural stability.
These results support the rheological interpretation that
moderate TS addition improved printing quality, whereas
excessive reinforcement increased die swell and reduced
dimensional uniformity.

3.4. Printing performance and post-printing
stability of black soldier fly prepupae-based
formulations

The printing behavior of the BSFP-based formulations is
shown in Figure 10, while the quantitative shape-fidelity
and stability results are presented in Table 4. BG-SO
showed poor layer stacking and substantial spreading
during printing. After 10 minutes, the printed structure
lost its square geometry and collapsed, which was reflected
in the lowest overall shape fidelity of 58.81% and height
retention of 53.80%. It also showed the highest post-print
spreading and structural deformation, at 15.71% and
30.96%, respectively.

BG-S2.5 produced continuous filaments, supported
stable layer deposition, and maintained a well-defined
open-box structure after printing. Its overall shape fidelity
reached 92.34%, with height retention of 97.26% and 0.67%
post-print spreading. These results agree with its lower
filament roughness and thickness variation, confirming
that the moderate TS concentration provided a suitable
balance between extrusion flow and structural recovery.

BG-S5 also retained its printed height and showed
low post-print deformation. However, its wall-thickness
accuracy and overall shape fidelity were lower than those
of BG-S2.5, indicating that the stronger paste structure
and greater die swell produced thicker and less uniform
deposited layers. The TS-only sample showed the highest
dimensional accuracy and post-print stability, confirming
the strong structural contribution of gelatinized starch.
Among the BSFP-containing formulations, BG-S2.5
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Figure 9. Image-based evaluation of filament quality and die swell of three-dimensional-printed black soldier fly prepupae-based extrudates. (a) Mean
edge roughness, (b) thickness coefficient of variation, and (c) mean die swell ratio of BG-S0, BG-S2.5, and BG-S5 extrudates printed using a 1.2 mm nozzle.

therefore provided the best overall printing performance
by combining high dimensional fidelity, low spreading,
and stable shape retention.

Because full-fat BSFP powder is a heterogeneous
particulate material with limited water solubility and a
broad particle-size distribution, printing thin unsupported
features is more challenging than in homogeneous starch-
or protein-isolate-based inks. The open-box model was
therefore initially selected to assess continuous extrusion,
multilayer deposition, vertical wall formation, and post-
print stability without introducing extensive unsupported
spans. To further validate the practical printability of the
selected formulation, BG-S2.5 was subsequently used to
print a more complex 20 x 20 x 20 mm perforated box
containing repeated square openings, as shown in Figure
S6. The first two rows of perforations were formed without
obvious deformation. However, when the printed height

exceeded 12.89 + 0.45 mm, the openings in the lowest row
gradually narrowed because of the increasing load imposed
by the newly deposited layers. Despite this progressive
deformation, the structure retained its overall 3D form at
the end of printing. This result confirms that BG-52.5 can
produce a more demanding complex geometry, while also
showing that further optimization is required to improve
pore fidelity in taller structures.

3.5. Microstructural characteristics of black soldier
fly prepupae-based formulations

The SEM micrographs revealed clear differences between
the BSFP powder and the thermally treated BSFP-based
formulations (Figure 11). The BSFP-only sample consisted
ofirregular, loosely connected agglomerates with numerous
interparticle voids and elongated fiber-like fragments. The
absence of a continuous surrounding phase confirmed the
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Figure 10. Time-sequence images of three-dimensional printing and post-printing stability of black soldier fly prepupae-based formulations and tapioca
starch (TS)-only sample. Images were captured during printing at 5, 30, 60, 90, 120, and 150 seconds, and after 10 minutes post-printing (10 min PP) to
evaluate filament deposition, layer stacking, shape formation, and structural stability.

Table 4. Shape fidelity and post-print structural stability of three-dimensional-printed black soldier fly prepupae-based structures

Height fidelity Width Wall-thickness Overall shape Height Post-print Structural
Sample . . . .
(%) accuracy (%) accuracy (%) fidelity (%) retention (%) spreading (%) deformation (%)
BG-S0 70.00 £ 1.41¢ 74.77 £ 2.83¢ 31.67 £ 4.02¢ 58.81 + 2.60¢ 53.80 +1.13" 15.71 £ 1.34* 30.96 £ 0.54*
BG-S2.5 95.95 £+ 0.96° 95.92 + 0.48 85.14 + 3.78* 92.34 £ 1.08° 97.26 £ 0.72° 0.67 +£0.10° 1.71 + 0.40°
BG-S5 92.23 +1.08" 92.88 + 1.80° 66.94 £ 1.97° 84.02 £ 1.41° 97.85 £ 0.12* 0.56 + 0.30° 1.36 + 0.20
TS only 97.57 £0.48° 97.70 £ 0.56* 89.44 + 3.54* 94.90 £ 1.27° 98.57 £ 0.05* 0.08 +0.03" 0.76 + 0.04¢

Note: Values are expressed as mean + standard deviation of three independently printed structures. Different superscript lowercase letters within the
same column indicate significant differences (p < 0.05) among formulations.

heterogeneous particulate nature of the full-fat powder
and helps explain its limited ability to form a cohesive and
deformation-resistant paste without additional structuring
ingredients.

In contrast, BG-S0 exhibited a comparatively smooth
and continuous surface containing fused rounded
domains and fewer open spaces. This observation
indicates that GG and thermal treatment promoted
particle coating and matrix continuity. Nevertheless, the
relatively homogeneous surface showed limited evidence
of extensive structural reinforcement. Although BG-S0
formed a continuous dried matrix, its low rheological
strength and poor printing fidelity indicate that surface
continuity alone was insufficient to prevent spreading and
structural collapse during and after printing. On the other

hand, the BG-S2.5 formulation displayed a continuous
but moderately heterogeneous matrix in which BSFP-
derived domains appeared embedded and connected by
the surrounding starch-gellan phase. Small pits, shallow
cavities, and particle-matrix bridges were visible, but the
structure was less densely aggregated than BG-S5. This
intermediate morphology suggests improved integration
among the BSFP particles, gelatinized TS, and GG without
excessive network compaction. The resulting balance
between matrix continuity and controlled structural
heterogeneity agrees with the lower filament edge
roughness, reduced thickness variation, high shape fidelity,
and good post-print stability of BG-S2.5.

BG-S5 showed the roughest and most strongly
aggregated morphology, with compact fused regions,
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Figure 11. Scanning electron micrographs of the full-fat black soldier fly prepupae (BSFP) powder and thermally treated BSFP-based formulations. (a)
BSFP only, (b) BG-S0, (c) BG-S2.5, and (d) BG-S5. Scale bar: 10 pm; magnification: 300x.

irregular  cavities, folded surfaces, and densely
interconnected particle clusters. The increased degree of
aggregation is consistent with greater starch gelatinization
and more extensive association of the starch-rich
continuous phase with BSFP particles and GG. This
strongly reinforced morphology supports the higher
storage modulus, yield-related resistance, strain stiffening,
hardness, and height retention of BG-S5. However, the
dense and heterogeneous structure may also store greater
elastic energy during nozzle flow, thereby contributing
to the higher die-swell ratio, rougher filament edges, and
reduced wall-thickness accuracy.

Overall, the SEM observations were consistent with
the rheological and printing results, showing formulation-
dependent differences in matrix continuity, particle
integration, and aggregation. BG-52.5 exhibited a
moderately integrated structure, while BG-S5 showed more
pronounced aggregation and structural heterogeneity.

3.6. Texture properties of the printed structures

The texture profile analysis results of the printed BG-S2.5,

BG-S5, and TS-only structures are presented in Table
5. BG-S5 showed the highest hardness, adhesiveness,
gumminess, and chewiness, indicating that the higher
starch concentration produced a stronger and more
deformation-resistant printed structure. This result agrees
with its higher viscoelastic modulus and greater resistance
to large deformation, although its increased mechanical
strength was also associated with greater die swell and
lower wall-thickness accuracy.

BG-S2.5 had the lowest hardness, gumminess,
and chewiness, indicating a softer printed structure.
Nevertheless, it maintained high-dimensional fidelity and
post-print stability, showing that moderate mechanical
strength was sufficient to support the deposited layers
without producing excessive stiffness or elastic recovery.
The TS-only sample showed the highest springiness,
cohesiveness, and resilience, suggesting greater elastic
recovery and internal structural integrity. Overall, BG-S2.5
provided a comparatively softer texture while maintaining
good printing accuracy, whereas BG-S5 produced the
strongest but more rigid BSFP-based structure.
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Table 5. Texture properties of three-dimensional-printed
black soldier fly prepupae-based structures and the tapioca
starch control

Sample BG-S2.5 BG-S5 TS only

Hardness (N) 8.18 £ 0.16¢ 13.52+0.26* 10.21 £ 0.21°
Adhesiveness (N-s) 1.77 £ 0.07° 2.35+0.10° 1.47 +0.07¢
Springiness 0.82 + 0.02¢ 0.88 +0.02° 0.91 £0.02*
Cobhesiveness 0.62 £ 0.01¢ 0.68 +0.01° 0.72 £0.01*
Gumminess (N) 5.04 +0.19¢ 9.14 + 0.32* 7.31+0.27°
Chewiness (N) 4.13 £0.23¢ 8.05 £ 0.42* 6.66 + 0.35°
Resilience 0.25 £ 0.01¢ 0.32+0.01° 0.36 £ 0.01*

Note: Values are expressed as mean + standard deviation of five
independently printed structures. Different superscript lowercase letters
within the same row indicate significant differences (p < 0.05) among
formulations.

4, Conclusion

This study developed a full-fat BSFP powder-based paste
for direct ink writing and clarified how thermal treatment
and TS concentration affected its rheology, extrusion
behavior, texture, and printing performance. The BSFP
powder showed limited water solubility and a broad
particle-size distribution, confirming its heterogeneous
particulate nature and the need for additional matrix-
forming ingredients. Preliminary rheological screening
identified 7.5% BSFP and 0.5% GG as suitable initial base
conditions. Based on these results, the final formulations
were prepared at approximately 80% moisture with 0%,
2.5%, or 5% TS, while GG was maintained at 0.5% and
the BSFP powder and water contents were adjusted
accordingly. Thermal treatment markedly increased the
viscoelastic strength, viscosity, and yield behavior of all
formulations through heat-induced network development.
LAOS and Chebyshev analyses further showed that
increasing starch concentration enhanced nonlinear
elastic resistance and strain stiffening. SEM observations
further showed formulation-dependent differences in
matrix continuity, particle integration, and aggregation,
supporting the rheological and printing results. However,
the strongest formulation was not the most printable.
BG-S5 showed the greatest elastic recovery, die swell,
hardness, gumminess, and chewiness, but also produced
thicker, rougher, and less dimensionally accurate filaments.
BG-S2.5 provided the best balance between flowability and
structural recovery. It produced the lowest filament edge
roughness and thickness variation, an overall shape fidelity
of 92.34%, height retention of 97.26%, and 0.67% post-
print spreading. It also maintained a comparatively softer

texture than BG-S5 while supporting stable multilayer
deposition. Additional printing of a perforated box
confirmed its ability to form a more complex structure
with repeated openings, although progressive narrowing
of the lower perforations occurred when the structure
height exceeded 12.89 + 0.45 mm. Overall, 2.5% TS was
the optimal level for balancing rheological strength, die-
swell control, dimensional fidelity, texture, and post-print
stability in BSFP-based pastes.
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